Genomic DNA of Ostreococcus tauri, a fully sequenced marine unicellular alga from the phytoplankton, was used to amplify a gene coding for a typical front-end desaturase involved in polyunsaturated fatty acid biosynthesis. Heterologous expression in Saccharomyces cerevisiae revealed very high desaturation activity with 6 -regioselectivity. Short-time kinetic experiments showed that the desaturase product was detected in the acyl-CoA pool 5 min after addition of the exogenous substrate to the yeast medium and long before its appearance in the total fatty acids. When this desaturase was co-expressed with the acyl-CoA 6 -elongase from Physcomitrella patens and the lipid-linked 5 -desaturase from Phaeodactylum tricornutum, high proportions of arachidonic or eicosapentaenoic acid were obtained, because nearly all of the 6 -desaturated products were elongated. Furthermore, the product/educt ratios calculated in each glycerolipid for the 6 -desaturase or for the acyl-CoA 6-elongase were in about the same range, whereas this ratio showed a very uneven profile in the case of the lipid-linked 5 -desaturase. Finally, a sequencebased comparison of all the functionally characterized 6 -desaturases showed that this enzyme was not related to any previously described sequence. Altogether, our data suggest that this desaturase from O. tauri is an acyl-CoA 6 -desaturase, the first one cloned from a photosynthetically active organism.
INTRODUCTION
A major role for unsaturated fatty acids is to keep the membranes of all eukaryotic cells in an appropriate state of fluidity. In these organisms, fatty acid desaturases are responsible for the insertion of cis-double bonds into pre-formed fatty acid chains in reactions that require oxygen and reducing equivalents. Many genes coding for desaturases with different regioselectivities and from various organisms have already been cloned [1] . With the exception of the soluble acyl-ACP (acyl carrier protein)-desaturases found in plant plastids, all of these enzymes contain several hydrophobic regions corresponding to four putative transmembrane domains and three characteristic histidine clusters that probably co-ordinate the di-iron centre of the active site [2, 3] . 'Front-end desaturases' are referred to as desaturases that introduce a new double bond between the carboxy group of a fatty acid and a pre-existing double bond [4] . They contribute to the biosynthesis of polyunsaturated fatty acids and insert double bonds at position 4 , 5 , 6 or 8 . At the amino acid level, front-end desaturases are characterized by the presence at the N-terminus of a fused cytochrome b 5 -domain that most likely serves as immediate electron donor in the desaturation reaction [5] . 6 -Desaturases are front-end desaturases that introduce 6 double bonds, usually converting linoleic acid (C 18:2 , 9, 12 ) and α-linolenic acid (C 18:3 , 9, 12, 15 ) into γ -linolenic acid (C 18:3 , 6,9,12 ) and stearidonic acid (C 18:4 , 6,9,12,15 ) respectively. It was shown that human diets deficient in γ -linolenic acid could result in several health disorders, which could be reverted by the administration of this particular fatty acid [6] . These positive effects on human health led to an increasing demand for γ -linolenic acid, which is only found in some micro-organisms and a few higher plants with poor agronomic performance. The production of γ -linolenic acid in conventional oilseed crops by plant biotechnology was therefore considered to be a rewarding goal. This possibility led to the cloning of genes coding for 6 -desaturase from several organisms. The first one was obtained from the cyanobacterium Synechocystis [7] , but, in the meantime, sequences from many different species became available [1] .
Because the purification of membrane-bound desaturases by conventional methods is difficult, the functional characterization of most of these 6 -desaturases was based on their heterologous expression in various host organisms followed by appropriate fatty acid analysis. Using such systems, it was shown that all 6 desaturases had the same fatty acid specificity, but that enzymes from different organisms may differ with respect to the acylcarrier they use as substrate. In cyanobacteria, the 6 -desaturases use exclusively the acyl group at the sn-1 position of the membrane lipid monogalactosyldiacylglycerol as substrate [8] . Okayasu et al. [9] purified the 6 -desaturase from rat liver microsomes to homogeneity and showed by in vitro experiments that linoleoylCoA was the reaction product. This study represents the only report on the in vitro biochemical characterization of a purified 6 desaturase and suggests that mammalian 6 -desaturases are acylCoA desaturases. Regarding the corresponding enzymes from fungi and higher plants, in vitro assays with microsomes from Mucor circinelloides and from maturing cotyledons of borage (Borago officinalis) demonstrated that 6 -desaturation mainly occurred at the sn-2 position of PC (phosphatidylcholine) [10, 11] , suggesting the presence of lipid-linked desaturases in these organisms.
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In a previous study [12] , we have expressed front-end desaturases from various organisms in Saccharomyces cerevisiae and conducted detailed analyses of lipids and acyl-CoAs to identify the acyl-carriers used as substrate. These experiments indicated that the 5 -and 6 -desaturases from fungi (Mortierella alpina and Phytophthora megasperma), algae (Phaeodactylum tricornutum), lower plants (the mosses Physcomitrella patens and Ceratodon purpureus) and lower animals (Caenorhabditis elegans) accepted predominantly as substrate the acyl groups esterified at the sn-2 position of PC, and thus have to be classified as lipid-linked desaturases. Since yeast cells have only a limited capacity to reequilibrate the sn-2-bound 5 -or 6 -desaturated acyl groups of PC with the acyl-CoA pool, this mode of action resulted in an enrichment of the desaturase product at this particular position [12] . Moreover, when such a lipid-linked 6 -desaturase was coexpressed with the acyl-CoA 6 -elongase PSE1 (polyunsaturated-fatty-acid-specific elongase 1) from Phys. patens [13] , the elongation was rather inefficient. In contrast, the expression of the human 6 -desaturase FADS2 (fatty acid desaturase 2) led to a more equal distribution of the desaturation product among the various lipids, while its co-expression with PSE1 resulted in the elongation of more than 90 % of the 6 -desaturated product [12] . These results represented independent in vivo evidence for the above-mentioned in vitro experiments which had identified the human 6 -desaturase as an acyl-CoA desaturase. Ostreococcus tauri is a marine photosynthetic picoeukaryote belonging to the Prasinophyceae and presenting a minimal cellular organization, as well as the smallest genome described for a free-living autotrophic eukaryote [14] . O. tauri contains polyunsaturated fatty acids, such as arachidonic acid (C 20:4 , 5, 8, 11, 14 ) , eicosapentaenoic acid (C 20:5 , 5, 8, 11, 14, 17 ) and docosahexaenoic acid (C 22:6 , 4, 7, 10, 13, 16, 19 ). Using the data issued from a sequencing program covering approx. 98 % of the O. tauri genome, we have already cloned the two unique ORFs (open reading frames) coding for ELO-type elongase present in this alga. Heterologous expression in yeast showed that these genes encoded the 5 -and 6 -elongase required for the biosynthesis of docosahexaenoic acid [15] , indicating that O. tauri apparently contains a minimal number of elongases. In the case of fatty acid desaturases, we could annotate as many as 13 sequences. Although this apparently high number may indicate a possible redundancy, this will only be clarified once all the different ORFs have been functionally characterized.
In the present study, we report on the in vivo characterization of one of these desaturases in S. cerevisiae as a 6 -desaturase. Using the methodology mentioned above [12] , we provide strong evidence that this enzyme from O. tauri represents the first frontend acyl-CoA desaturase to be reported from the plant kingdom.
MATERIALS AND METHODS

Materials
Restriction enzymes, polymerases and DNA-modifying enzymes were obtained from New England Biolabs (Frankfurt, Germany). All other chemicals were from Sigma (St. Louis, MO, U.S.A.). Addition of fatty acids to culture media was made using 100 mM stock solutions prepared in absolute ethanol.
PCR amplification and cloning of the O. tauri desaturase sequence
The gene coding for the putative desaturase was amplified by PCR using 5 -GGTACCACATAATGTGCGTGGAGACGGAA-AATAACG-3 and 5 -CTCGAGTTACGCCGTCTTTCCGGAG-TGTTGGCC-3 as forward and reverse primers respectively, Vent DNA polymerase, an O. tauri cell pellet as DNA template and a standard PCR program. The primers used introduced KpnI and XhoI cloning sites (underlined) upstream and downstream of the start and stop codons (in boldface) respectively. A 1400 bp band was obtained, phosphorylated with T4 polynucleotide kinase and cloned blunt-ended in pUC18. The ORF was released by KpnI/ XhoI digestion and was cloned in pYES2 using the same sites, yielding pYES2-OtD6 (where OtD6 is O. tauri 6 -desaturase). The construction of the other yeast expression vectors used in the present study was reported previously [12] .
Expression in S. cerevisiae S. cerevisiae strain INVSc1 from Invitrogen (Karlsruhe, Germany) was transformed with plasmid DNA using the method of Dohmen et al. [16] . After selection on minimal medium agar plates without uracil, pre-cultures were grown at 30
• C in minimal medium lacking uracil, but containing 2 % (w/v) raffinose and 1 % (v/v) Tergitol Nonidet P40. When these pre-cultures had reached a D 600 of 0.1, they were transferred to 20
• C, and the expression was induced by supplementing galactose to 2 % (w/v) and adding the appropriate fatty acids to a final concentration of 250 µM (unless otherwise indicated). After 48 h at 20
• C, cells were harvested by centrifugation at 1200 g for 5 min and the pellet was washed once with 10 mM perchloric acid before being used for fatty acid and/or acyl-CoA analysis. This resuspension in perchloric acid removed all non-esterified ('free') fatty acids, which, in our previous study [12] , had been separated from esterified fatty acids by transmethylation with sodium methoxide. The host strain transformed with the empty vector(s) was used as negative control in all experiments.
For kinetic experiments, 50 ml pre-cultures were grown for 24 h at 30
• C in the presence of galactose to a D 600 of approx. 1.5 in order to obtain cells expressing the heterologous enzyme(s) and sufficient material for analysis. The kinetic experiments were then started by transferring the yeast cells to 20
• C and adding the exogenous fatty acid. After the indicated times, 5 ml aliquots were harvested, added to 1/10 volume of 6.6 M perchloric acid and subjected to a short centrifugation at 1200 g (1 min). The supernatant was removed, and the cell pellet was resuspended in 2.5 ml of 10 mM perchloric acid. A 1/5 volume was used for fatty acid analysis, while the rest was used for acyl-CoA extraction. In both cases, cells were sedimented by short centrifugation at 1200 g (1 min), the supernatant was removed, and the resulting pellets were used immediately or were frozen in liquid nitrogen and stored at − 80
• C until needed.
Lipid and fatty acid analysis
For the analysis of lipids, expressions were conducted for 24 h at 20
• C with 120 ml cultures. Cells were harvested by centrifugation at 1200 g for 5 min, washed with 30 ml of 0.1 M NaHCO 3 , and lipid extracts were prepared and used for various analytical procedures (isolation of individual compounds, total and positional analysis of fatty acids) as described previously [12] . Quantification of the different lipid components was based on GLC analysis of FAMEs (fatty acid methyl esters) using C 17:1 , 10 as internal standard.
Acyl-CoA extraction and analysis
Acyl-CoAs from approx. 4 ml of yeast culture (D 600 of 1.5) were extracted using a modified version of the method of Schjerling et al. [17] . Frozen cells were resuspended in 800 µl of ice-cold water in glass tubes, and 3 ml of chloroform/methanol (2:1, v/v) and glass beads were added. Cells were broken by vortex-mixing 5 times for 1 min with intermittent cooling on ice. Volumes of 1 ml each of chloroform and water were successively added, are marked with an asterisk (*). FID, flame ionization detector.
and the tubes were vortex-mixed further for 1 min. The samples were centrifuged at 1200 g for 10 min at 4
• C, and the upper and lower phases were gently removed. The interphase containing the acyl-CoAs was dried together with the glass beads under argon. Subsequently, 400 µl of freshly made extraction buffer, 10 µl of saturated ammonium sulphate and 1.2 ml of chloroform/methanol (1:2, v/v) were added. The extraction buffer was made by mixing 2 ml of 50 mM potassium phosphate buffer, pH 7.2, 2 ml of isopropanol, 50 µl of ethanoic (acetic) acid and 80 µl of 50 mg/ml BSA. After vortex-mixing for 3 min, the samples were incubated for 20 min at room temperature (20 • C) before being centrifuged at 1200 g for 5 min. The supernatant fraction was removed and dried under argon at 50
• C. The acyl-CoAs in the residue were converted into etheno-derivatives and were analysed by HPLC as described previously [18, 19] .
RESULTS
Isolation of a front-end desaturase clone from genomic DNA
An intron-free gene coding for a putative fatty acid desaturase was recognized in the draft genome of the microalga O. tauri and was amplified by PCR using appropriate primers and PCR program. The deduced ORF (1371 bp; GenBank ® accession number AY746357) encoded a polypeptide of 456 amino acids which contained all the signatures of microsomal membranebound front-end desaturases [2] [3] [4] : several hydrophobic stretches representing potential transmembrane helices, three conserved histidine clusters with a His → Gln substitution in the third box and a cytochrome b 5 domain fused at the N-terminus (results not shown). At the protein level, the putative desaturase from O. tauri was most similar to the 5 -desaturase of Thraustochytrium sp., but it also presented high sequence similarities to 6 desaturases from various organisms (see Supplementary Table 1 at http://www.BiochemJ.org/bj/389/bj3890483add.htm).
Functional characterization in S. cerevisiae
In order to confirm the activity of the putative desaturase and to determine its regiospecificity, the yeast strain INVSc1 was transformed with the expression vector pYES2 containing the O. tauri ORF or the empty vector as control and was grown in the presence of linoleic acid (C 18:2 , 9,12 ) or eicosatrienoic acid (C 20:3 , 8,11,14 ) as potential substrates for 6 -or 5 -desaturation respectively. In the presence of C 20:3 , 8, 11, 14 , the fatty acid profiles of both the control and the desaturase-expressing strain were identical (results not shown), whereas, in the presence of linoleic acid, the yeast expressing the O. tauri ORF produced a new predominant fatty acid ( Figure 1A ). GLC-MS analyses identified this new fatty acid as γ -linolenic acid (C 18:3 , 6,9,12 ), indicating that the gene we had cloned encoded a 6 -fatty acid desaturase. As shown in Figure 1(A) , approx. 73 % of the available substrate was desaturated. Since all the other 6 -desaturases so far expressed in our laboratory under similar conditions converted only 20-40 % of C 18:2 , 9,12 into C 18:3 , 6,9,12 , OtD6 displayed a much higher activity. On the other hand, the substrate specificity of this desaturase was similar to that of other 6 -desaturases ( Figure 1B ) were not accepted (results not shown). When the substrate selectivity of OtD6 was assayed by providing simultaneously the four potential substrates described in Figure 1 (B), C 18:2 , 9,12 was slightly less efficiently desaturated (59 % conversion), whereas the conversion of C 18:3 , 9,12,15 was higher (82 %; Figure 1C ). Altogether, these heterologous expressions in yeast showed that we had cloned from O. tauri a gene coding for a 6 -desaturase that had a very high catalytic activity and a slight preference for α-linolenic acid.
Lipid analysis of a yeast culture expressing OtD6
As a first step towards the identification of the actual acyl-carrier used as substrate by OtD6, we analysed the lipids from a yeast culture that had expressed this desaturase in the presence of 250 µM C 18:2 , 9,12 (Table 1) . After 24 h of expression, approx. 62 % of the substrate had been desaturated, and the newly formed represented as much as 32.8 % of the total fatty acids in the lipid extract. Similar proportions of γ -linolenic acid were detected in the two major components of the lipid extract, the NL (neutral lipid) fraction (32.2 %) and PC (34.4 %). In addition, C 18:3 , 6,9,12 was also present in all the other phospholipids, with proportions varying from 14.6 % in phosphatidylinositol to 22.2 % in PE (phosphatidylethanolamine). The fatty acid positional distribution in PC and PE showed that the sn-1 positions of both phospholipids were enriched in C 16:0 , C 16:1 , 9 and C 18:0 , whereas C 18:1 , 9 , C 18:2 , 9,12 and C 18:3 , 6,9,12 were preferentially localized at the sn-2 position (Table 1) . In PC and PE, the proportion of C 18:2 , 9,12 at the sn-2 position was about twice as high as that found at the sn-1 position, while γ -linolenic was 18 times and 6 times more abundant at the sn-2 position than at the sn-1 position of PC and PE respectively. Such uneven distributions may be explained by previous labelling studies that have shown that exogenously supplied fatty acids are not evenly distributed in all the different lipids and sn-positions, because yeast acyltransferases preferentially fill certain lipids and positions and discriminate against others [20] . The sn-2 position of PC is indeed a major entry point for unsaturated fatty acids from the acyl-CoA pool, whereas the sn-1 position is maintained with high proportions of saturated fatty acids (Table 1) [12, 20] .
Most importantly, the data presented in Table 1 show that C 18:3 , 6,9,12 was not particularly enriched in PC when compared with the lipid extract, which is in marked contrast with the situation resulting from the expression of 6 -desaturases specific for the sn-2 position of PC [12] . In addition, these data show relatively high proportions of C 18:3 , 6,9,12 in all of the different lipid species. Altogether, these analyses suggest that the 6 -desaturase from O. tauri may accept as substrate acyl-CoA thioesters rather than lipid-linked acyl groups.
Kinetics of desaturation with parallel analysis of acyl-CoAs and total acyl groups
To evaluate further whether the desaturase from O. tauri is an acyl-CoA desaturase, the changes occurring in the acyl-CoA pool within a very short time after the addition of the substrate to the growth medium were analysed. To carry out such an analysis, a transgenic yeast culture was grown for 24 h in the presence of galactose for permanent expression of OtD6 before the kinetic analysis was started by adding C 18:2 , 9,12 . Before substrate addition (t 0 in Figure 2 ), the total fatty acid profile was dominated by mono-unsaturated (C 16:1 , 9 and C 18:1 , 9 ) and saturated (C 16:0 and C 18:0 ) fatty acids. As indicated by the asterisks, it also contained small proportions of C 16:2 , 6,9 and C 18:2 , 6,9 , which resulted from
Figure 2 Kinetic analysis of fatty acid changes in acyl-CoAs and lipids of a yeast culture expressing OtD6
A culture of the yeast strain INVSc1 transformed with pYES2-OtD6 was grown for 24 h at 30 • C in the presence of galactose, before being supplemented with 250 µM C 18:2 , 9,12 . Just before adding C 18:2 , 9,12 (t 0 ) as well as 5 min, and 1 and 4 h (t 5min , t 1h and t 4h ) after substrate addition, the fatty acid composition of the transgenic yeast pellets (left-hand part; GLC) and of their acyl-CoAs (right-hand part; HPLC) were determined as indicated in the Materials and methods section. These analyses reflect results obtained in four independent kinetic experiments. The minor components C 16:2 , 6,9 and C 18:2 , 6,9 are marked with an asterisk (*).
the expression of OtD6 during the 24 h preceding the addition of C 18:2 , 9,12 . In the acyl-CoA pool, the major fatty acids were C 16:0 and C 18:0 (45 and 30 % of the total respectively), whereas C 16:1 , 9 and C 18:1 , 9 represented only 11 and 5 % respectively. After 5 min in the presence of C 18:2 , 9,12 (t 5min in Figure 2 ), this latter represented only 5 % of the total fatty acids, whereas it was the major component of the acyl-CoA thioesters, representing 28 % of this pool. At this time point, C 18:3 , 6,9,12 was not detected in the total fatty acids, but it was clearly present in the acyl-CoA pool. Only after 1 h (t 1h in Figure 2 ) did C 18:3 , 6,9,12 appear as a trace component in the total fatty acids, while its proportion in the acylCoA pool was as high as after 5 min. After 4 h (t 4h in Figure 2 ), C 18:3 , 6,9,12 accounted for 3 % of the total fatty acids, whereas it was as abundant as C 16:1 , 9 in the acyl-CoA pool (each representing approx. 7 % of the total). The detection of the desaturase product in the acyl-CoA pool before its appearance in the total fatty acids strongly suggested that OtD6 may be an acyl-CoA desaturase rather than a lipid-linked desaturase.
Co-expression of OtD6 with a acyl-CoA 6 -elongase
For additional confirmation that OtD6 may be an acyl-CoA desaturase, it was co-expressed with the acyl-CoA 6 -elongase from the moss Phys. patens PSE1 [13] in the presence of exogenous linoleic ( Figure 3A) or α-linolenic acid ( Figure 3B ). In such coexpression experiments, the final elongated products (C 20:3 , 8, 11, 14 and C 20:4 , 8, 11, 14, 17 respectively) were present in high proportions, whereas the 6 -desaturated fatty acid intermediates (C 18:3 , 6, 9, 12 and C 18:4 , 6,9,12,15 respectively) were barely detectable ( Figure 3 ). Indeed, more than 98 % of the fatty acids produced by the 6 -desaturase were elongated further to the corresponding C 20 -polyunsaturated fatty acids. In Figure 3, 9 -desaturated fatty acid substrates [13] . We then carried out a kinetic analysis with the yeast strain coexpressing OtD6 and PSE1 using α-linolenic acid (C 18:3 , 9,12,15 ) as exogenous substrate (Figure 4) . The profiles at t 0 (after 24 h of growth in the presence of galactose for permanent expression of both heterologous enzymes, but before addition of C 18:3 , 9,12,15 ) differed from those shown in Figure 2 by the presence in total fatty acids of C 18:1 , 11 and C 20:1 , 13 , which were due to the elongation of endogenous C 16:1 , 9 by PSE1. After 5 min in the presence of C 18:3 , 9,12,15 , this latter represented the only new component of the total fatty acids, whereas the 6 -desaturated C 18:4 , 6, 9, 12, 15 and the subsequently elongated product C 20:4 , 8, 11, 14, 17 were, in addition, detected in the acyl-CoA pool. Figure 4 also shows that C 20:3 , 11, 14, 17 , resulting from the elongation of C 18:3 , 9, 12, 15 by PSE1 and co-elution with C 18:1 , 9 , could also be detected in the acyl-CoA pool after this short time. After 1 and 4 h, the C 20 -polyunsaturated fatty acids C 20:3 , 11, 14, 17 and, most of all, C 20:4 , 8, 11, 14, 17 (resulting from the elongation of C 18:3 , 9, 12, 15 and C 18:4 , 6,9,12,15 respectively) accumulated in the total fatty acids, although the 6 -desaturated fatty acid C 18:4 , 6,9,12,15 was not detected in this fraction. In contrast, this intermediate was detected in the acyl-CoA pool in nearly unchanged proportion after 1 and 4 h (Figure 4 ). This result is the diagnostically most relevant difference compared with the expression of the 6 -desaturase on its own (Figure 2 ), where the 6 -desaturated product (C 18:3 , 6,9,12 ) appeared in both the acyl-CoA pool and, with an appreciable time lag, in the total lipids. In the additional presence of the elongase, the 6 -desaturated product (C 18:4 , 6,9,12,15 ) was detected in the acyl-CoA pool, but not in the total fatty acids (Figure 4 ). Under these conditions, it seems most likely that the yeast acyltransferases cannot compete with the elongase, so that nearly all C 18:4 , 6,9,12,15 is elongated instead of being esterified into the glycerolipids. Altogether, these co-expression experiments strongly suggested that both OtD6 and PSE1 used substrates from the acyl-CoA pool.
Reconstitution of arachidonic and eicosapentaenoic acid biosynthesis
Finally, we compared in a single co-expression experiment the effects of acyl-CoA-and lipid-linked desaturases on the fatty acid patterns of the yeast lipids by co-expressing the lipid-linked 5 -desaturase from Phae. tricornutum (PtD5), together with the two enzymes used above. As shown in Table 2 , using C 18:2 , 9, 12 or C 18:3 , 9,12,15 as exogenous substrate, the biosynthesis of arachidonic (C 20:4 , 5, 8, 11, 14 ) and eicosapentaenoic acid (C 20:5 , 5, 8, 11, 14, 17 ) were efficiently reconstituted. The end products C 20:4 , 5, 8, 11, 14 or C 20:5 , 5, 8, 11, 14, 17 accounted for as much as 4.5 % of the total fatty acids, which is approx. 20 times higher than the proportion obtained in similar reconstitution experiments using lipid-linked 6 -desaturases [12, 21] . The comparatively high yields presented in Table 2 were due to the very high activity of OtD6, as well as to the very efficient elongation, since more than 95 % of OtD6 products were elongated further. In contrast, only approx. 25 % of the elongated products were 5 -desaturated further, most probably because not all of the elongated fatty acids were targeted to the sn-2-position of PC, which represents the favourite substrate of the lipid-linked desaturase.
In order to see whether the presumed differences in acyl-carriers would be reflected in the fatty acid compositions of the different lipid components, we made a detailed lipid analysis of a transgenic yeast culture producing C 20:5 , 5,8,11,14,17 . As shown in Figure 5 , the product/educt ratios obtained for both the 6 -desaturase OtD6 and the 6 -elongase PSE1 were in about the same range in all the different lipids, including the sn-2 position of PC. In contrast, and most importantly, the ratio calculated for the 5 -desaturase and was used for lipid analysis. The fatty acid compositions of the different lipid fractions were determined as indicated in the Materials and methods section. The ratios were calculated as (product/educt) using values corresponding to the percentage of total fatty acids. All ratios were normalized to the ratio of the total lipid extract, set as 1. Each value is the mean + − S.D. from three independent experiments. Lipid ext., lipid extract; PI, phosphatidylinositol; PS, phosphatidylserine; NL, neutral lipid.
PtD5 showed large variations. It was lower in all lipid components than in the lipid extract, with the exception of PC, where it was 4-5 times higher. This ratio even reached a value of approx. 7 at the sn-2 position of PC ( Figure 5 ), confirming our previous characterization of the 5 -desaturase from Phae. tricornutum as a lipid-linked desaturase preferentially acting at this particular position [12] . These co-expression results again suggested that, in contrast with the Phae. tricornutum 5 -desaturase, but similar to the 6-elongase PSE1, the 6 -desaturase of O. tauri uses acylCoAs as substrates.
DISCUSSION
Whereas front-end acyl-CoA desaturases have been described in animals, our data are the first to suggest that 6 -acyl-CoA-desaturases also exist in the plant kingdom. So far, only the presence of acyl-CoA desaturases introducing the first double bond into saturated acyl chains had been suggested in higher plants and algae [1] . Nevertheless, a detailed biochemical characterization and a convincing demonstration that such desaturases actually act on acyl-CoAs are still lacking. Examples studied in more detail are the 5 -desaturase from meadowfoam (Limnanthes alba) involved in the synthesis of C 20:1 , 5 [22, 23] and the 9 -desaturase from white spruce responsible for the conversion of stearic into oleic acid [24] . The sequences of these desaturases showed high similarities to cyanobacterial lipid-linked 9 -desaturases and animal acyl-CoA 9 -desaturases [23, 24] . Based on in vitro assays with cell-free seed extracts from meadowfoam or lysates from yeast cells expressing the spruce enzyme, it had been suggested that acyl-CoAs were the actual substrates [22, 24] . But, in both cases, the product was not isolated in the thioester form. This detail is particularly important in view of the ubiquitous presence of highly active acyltransferases that catalyse a rapid incorporation of acyl groups from the acyl-CoA pool into various lipids in cells of yeast [20] and higher plants [25] . These activities may complicate the identification of the actual substrate of plant desaturases tentatively assigned as acyl-CoA desaturases in in vitro assays, and the isolation of the product as an acyl-CoA may therefore represent more convincing evidence. Putative 9 -acylCoA desaturases were also identified in the genome of Arabidopsis thaliana by sequence analogy [26] , but Heilmann et al. [27] demonstrated recently that three of these putative acyl-CoA desaturases are in fact responsible for the introduction of a 7 -double bond into lipid-linked palmitoyl residues of monogalactosyldiacylglycerol. These results show clearly that the acyl-carrier specificity of any desaturase cannot reliably be deduced from sequence similarities alone, and that each enzyme has to be characterized individually, either in vitro with identification of the actual product status or by in vivo studies as exemplified by our present investigation.
The only front-end 6 -desaturase characterized so far in vitro is the human FADS2 enzyme [9] . This enzyme was purified to homogeneity and was used in detergent-containing assays in the presence of additional cytochrome b 5 and cytochrome b 5 reductase to show that the desaturated product was γ -linolenoyl-CoA [9] . In retrospect, a surprising detail of these reconstituted systems is the fact that the activity was absolutely dependent on the addition of exogenous cytochrome b 5 , although the cloning of the gene showed that FADS2 contains an N-terminal cytochrome b 5 domain expected to function as immediate electron donor [28, 29] . Since OtD6 represents the first 6 -acyl-CoA-desaturase characterized from the plant kingdom, we also tried to provide in vitro evidence to support our conclusions. For this purpose, we tried to demonstrate in vitro desaturation activity using microsomes from yeast cultures expressing OtD6 in the presence of linoleoyl-CoA and appropriate co-factors. Despite repeated attempts with different microsomal preparations, HPLC analysis of the acyl-CoA fraction could never detect any desaturation activity. Nevertheless, using the same set of independent in vivo experiments that had been worked out previously [12] , we provide strong evidence that OtD6 is an acyl-CoA desaturase. The interpretation of these results may not be as straightforward as the cell-free demonstration of a desaturated acyl-CoA product, but diagnostically relevant differences allow a clear distinction between acyl-CoA-and lipid-linked desaturases. In addition, this in vivo technology avoids possible artifacts which may be caused by the presence of detergents as reported for human FADS2 [9] or for the spinach lipid-linked 12 -desaturase (FAD6) [30] .
In conclusion, OtD6 represents the first plant acyl-CoA 6 -desaturase to be characterized biochemically in vivo. The fact that its sequence is not related to any other functionally characterized 6 -desaturases (see Supplementary Figure 1 at http:// www.BiochemJ.org/bj/389/bj3890483add.htm) suggests that it may represent a previously undescribed type of desaturase. Whether this reflects a biochemically unusual type of desaturase or the particular phylogenetic history of O. tauri cannot be answered at present, because the structural requirements for accepting different forms of acyl substrates cannot be recognized in the amino acid sequences of desaturases. Fortunately, the continuously increasing number and variety of cloned desaturases may provide the chance to identify the structural motifs responsible not only for the regioselectivity, but also for acyl-carrier specificity of these enzymes. Finally, because of the efficient elongation obtained in our reconstitution experiments in yeast, front-end acylCoA desaturases of plant origin may represent new and promising tools for the biotechnological production of very-long-chain polyunsaturated fatty acids in transgenic oilseed crops [31, 32] .
